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[57] ABSTRACT 

The invention provides a thermal design of a catheter 
where the active electrode is partially covered by *a heat 
conducting and electrically insulating heat-sink layer 
for localizing and controlling an electrical heating of 
tissue and cooling of the active electrode by convective 
blood flow. The invention further comprises a current 
equalizing coating for gradual transition of electrical 
properties at a boundary of a metallic active electrode 
. and an insulating catheter tube. The current equalizing 
coating controls current density and the distribution of 
tissue heating. 

13 Claims, 5 Drawing Sheets 
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ELECTRICAL HEATING CATHETER 5fS£&£ £££ S^TS 

' ' * perature regulation and improved tissue temperature 

BACKGROUND • 10 * carried out by covering the active electrode 

^ S£ and , 8t tte P" 5 ^* 1 15 and the carter S^Stt W " 

Sc S^S^JS 8 for a PP licati ° a °f Frequencies for powering heating catheten range 

^ 8 ?*«*■ are useful in from dc to microwaves. It £ customary to divid™ the 
many medical application* e.g. for hyperthermia treat- spectrum of operating frequencies tao^nducdve and 
SELfa * a !S- ^i* 5 ab L ation of-Hilunogoilc radiative regions because of todam^mTdiSr^ces of 
hTd«i«h^^fc r M Cb "r ediCal ««**»«» 20 implementation in these two regC ^adSTfre- 
w1™ nt ^ll^^l/^ y Umf0 ™^ enei ? ti0n of <l»ency between the two regions depends on thechlrac- 
heat ,n a controlled volume of tissue adjoining the cath- teristic admittance of the tissue surrounding the S e 

A radiofrequency (RF) cardiac ablation catheter is ^rC^whSS^S fiE? 

and advanced under fluoroscopic guidance into the left region corresponds to " microwave fre^n^l^ 
• heart ventricle. It is manipulated until the site of the 30 400 MHz, frequencies above 

^mL^^vJ^ «ndicaHng the location of Implementation of catheter heating applicators for 
problem Ussue. RF power is then applied to the distal the radiative and the conductive regifn S auke differ 

22f^S^ ™' the ViC,nity ° f fte dcc " enL fa * e radiative re « 5on . the heal^g appltetor ac^ 

•SStfiT* the card,ac tesue for the as an antenna causing electron^gnetilwavclropaga 

-ru-.i u ^ 35 tionmto the tissue. The art of radiative catheter heatw 

bS w£T^ 2Jl7* — feg^gytojEEEai safe «a:5amiS5£: 

T^Z^L Vtr „S. P ,„ f a60v £ 4 * ^ K non . v,able «id • An example of a radiative catheter beatinc aoolicaior 
define the ablation volume. For therapeutic effective- using a resonator, is described in the UK Patent Annii' 
ness the ablation volume must extend a fe%y miUimeters 40 cation OB 2 122 092 Aby J F Jamel K H TJ%£> 
■™%"*°^rt^*™t^**^ A. Henderson and lJ h/p^ Jan^es m 9 ^ a 
.toon of at least a few miDuneters square. The ohjective is wave impedance of a resonant radiftor in a mode cor ' 
to elevate tbebasal tissue temperature, generally at 37" responding to multiples of a "quarter wave*™* tea 

4? C^S!hS^l!^T Pa r n ab ° V6 Wa ' £ ^ ofLro^dmg^^'h^gp^ 
^iWa^^MT temperature 4S selection of (1) an electrode coating she. (2 bating 
,v?„ t^T ^PP™"".^ 7 '9° C. charring and dielectric constant, and (3) a coating mametic nermea- 
S^Jt^ 7M Ch ^ en J ° U ? ly modifieS the Neitherthermal no/electricafcondlctMf^ 

^■cSLTS, ^ M , 0 °? ?"? . Ussue J Md CMSBS coating * «'Part of James's design.' It should also be 
ZS^^l^S? ? CC i nCal , " D P edaDCe of *• noted « ha < the coating in James hiboth umfora tiSck! 
^x?I& g r^ C ™ "? d " ^ . P° wer de,iv * » ness and uniform dielectric properties. 
S£ ^rfa^wW >S P^ 1 ^ troublesome at In the conductive region. tiiere is no electromagnetic 
musfbe^v^ ?£S T T d S de '^ noe * e catheter wave PwP^on and so techniques rely"^^^ 
cowbue cleaned before the procedure can . length resonance and matching of wave Lped^cTart 

m,i^i^f^ Wh,ch . sa T cs M ^ting ■ comparison with the tissue impedance, that a dielectric 
' active d<Lro^^^ d f fE? ^ 8,1 ooatra 8. m effect. prevenU a current flow^to Z TtiSoe! 

SLfte^rJft^ IT f ?. ectn °? 1 b J e,ectr «>- Typical state of the art catheter heating applicators 
& Eve^ou^ L ' nB 0t B< 5*?« ta 8 60 ** conductive region, such as the United Sute 

abetted fa r of heat U Carter Industries (USCI) catheter shown in FIG. 1 

E?f B *criectrode itself adjacently heated en- and described in detail later, has an active electrode at 
fnS htw 8 6 Vh heat conductio » * *e end of the catheter tube 'and possibly ring Kode 

n,»fi»M „TT.„,.j i -or electrodes around the diameter of the tube. Elec- 

the^ D ^W^^X ea Tt e,e S trodea,SOheats 65 '^ d «are connected to the proximal end with a ftln. 
^trtfil ow 10 *? nea « chamber, which how- flexible wire. 

stfYharAe'S^ mST? aWay thb Benerated heat One undesirable feature associated with such a state- 
so t.hat the flowing blood temperature, except for the of-the art catheter is a formation of hot spots aidng the 
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circular junction of the active electrode with the insu- FIG. 2 shows a temperature profile along the exten- 
laring catheter tube due to a sudden transition of electri- sion of the catheter axis into the tissue, produced by (A) 
cal properties at the boundary. For example, an article the state-of-the-art catheter, and by (B) a catheter with 
••Catheter ablation without figuration: Design arid heat sink. ■ 

performance of a new system**, A. J. Ahsan, D.Cun- 5 FIG. 3 shows an active electrode with a conductive 
ninghara, E. Rowland, and A. F. Rickards. PACE. Vol. skirt around the base of the active electrode and shows 
12, Part II, January: 001-005, .1989 ( u Ahsan") shows the resulting equalization of heating power density dis- 
such formation of hot spots along the circular junction tribution. FIG. 3 also shows a wire implementation of 
of the active electrode with the insulating catheter tube. the heat sink. 

To remedy this problem, Ahsan suggests a cylindrical 10 FIG. 4 shows a heat sink in the form of an electrically " 
electrode with hemispherical termination at both ends. insulating and thermally. conductive film on an active 
The problem with Ahsan's solution is that the electrical electrode. 

connection to such an electrode breaks the smoothness FIG. 5 shows a bipolar catheter with a current equal- 
of the surface and so generates a hot spot at the junction izing coating, 
of the wire with the hemisphere: * 15 

The other undesirable feature of the state-of-the art DESCRIPTION OF THE PREFERRED 

catheter heating applicators is that there is no provision EMBODIMENTS 
for cooling of the active electrode and as a result, maxi- Materials used for the design of the catheter can be 
mum temperature is reached at the electrode and the conveniently divided into three ranges of electrical 
resultant charring frequently fouls the electrode during 20 resistivity. Metals or metallic materials have resistivity 
a procedure. The temperature profile taken along the of the order 10-* fl-cro to 10-3 fl-cra. The term "con- 
axis of the catheter as it extends into the tissue, similar to ducti ve" material is used here to describe intermediate 
that shown by the dashed line in Graph (A) in FIG. 2, materials in the range of resistivity between 10-* fl-cm 
has been studied by D. E. Haines and D. D. Watson. and 10*n-cm. Materials with resistivity larger than 10 s 
(PACE VoL 12, June: 962-976, 1989) and is described in 25 H-cm are referred to as dielectrics or insulators, 
some detail later. It will suffice here to observe that , FIG. 1 shows a state-of-the-art electrical catheter 
state-of-the-art catheters exhibit the highest tempera- with an active electrode similar to the standard (USCI) 
ture at the active electrode and therefore worst char- .catheter quoted in Ahsan, and referred to in the Back- 
ring occurs at the active electrode-tissue boundary. ground section. The acdve electrode serves as a heat 
SUMMARY OF THE INVENTION 30 Wtolw in distinction to other electrodes which may . 

also .be placed on the catheter. A plastic catheter tube 10 

The invention provides a thermal design of a catheter connects at a distal end to an active electrode II, typi- 
where the active electrode is partially, covered by a heat cally made of Platinum. Wire 12 is electrically con- 
conducting and electrically insulating heat-sink layer nected between the active electrode 11 at. junction 13 
for localizing and controlling aq electrical heating of 35 and, at the proximal end of the catheter, to an electrical 
.tissue and cooling of the active electrode by convective power source 15, at terminal 14. To maintain flexibility, 
— bloodrflowrThis-design^oves^eafe-temperature-away — -wire-12-is thinhtypica]-size-is-2B_gage copper .wire, with- 

fi oi u d ie a c ti v e el ec u o de sur face th us ui eveiuiug - fo ui- a-Q^-miHimeter-diarneier: ■ I 

ing of the active electrode. The cooling provided by the The connection at the proximal end of the catheter to 
heat-sink layer also increase the depth and volume of an 40 the electrical power ' source IS can be between two 
ablation region. j electrodes on. the catheter (bipolar connection, seen 

Without the heat-smk layer, as the size of the active later in FIG. 5}, or between one active electrode and a 
electrode increases, the cooling area expands. Simulta- large neutral external skin electrode (unipolar connec- 
neously, the area of current flow increases, thereby tion). A unipolar power supply connection is completed 
increasing the overall heating volume, decreasing the 45 in FIG. 1 by connecting an external skin electrode 17 to 
precision of localization of electrical heating; and lead- a neutral power supply terminal 16. The frequency of 
ing to an undesirable increase in the overall heating operation of the power supply is 450 kHz. 
power required for ablation. a pattern of dashed lines and associated numbers 

Additional cooling of the active electrode can be with a ' W symbol, on the outside of tube 10 and active 
provided by increasing the diameter of an electrical 50 electrode 11 represent contours of equal heating power 
power supply wire, to a cable size so that the cable can density. The percentages associated with pattern lines 
carry a significant amount of heat away from the active indicate the relative magnitude of electrical power dissi- 
electrode and dissipates it along the catheter shaft. pation in the tissue, with the relative scale adjusted, so 

The invention further comprises a current equalizing' that 100% represents maximum dissipation, . and 0% 
coating for gradual transition of electrical properties at 55 represents dissipation at a distant neutral boundary It 
a boundary of a metallic active electrode and an insulat- . should be noted in FIG. 1 that the maximum dissipation 
ing catheter tube. The current equalizing coating con- ranging from 100% to 93% is in the immediate vicinity 
trols current density and the distribution of tissue heat- of the junction between the metallic active electrode 11 
ing. Absence* of an abrupt transition in the electrical and insulating catheter tube 10. Tissue adjacent to the 
properties at the catheter .tissue bonndary, smoothes 60 tip of the active electrode 11 is only in the 63% heating 
heat generation and reduces hot spots in tissue. density region. The hot spot at the junction of active 

BRIEF DESCRIPTION OF THE DRAWINGS electrode 11 and tube 10 acts as an undesirable focus for 

«^ „ . „ ^ charring. The temperature of tissue along extension 18 

FIG. 1 schematically shows a state-of-the-art catheter of the catheter axis beyond the tip of active electrode 11 
system and, in detail, a catheter electrode with the re- 65 is discussed in connection with FIG. 2. ' 
suiting tissue heating power density pattern adjacent to * Graph (A) in FIG. 2, shown as a dashed line, is a 
the electrode, indicating formation or a hot spot at the temperature distribution along extension 18 of the cath- 
base of the electrode. e ter axis produced by the state-of-the-art catheter heat- 
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ing pattern shown in FIG. 1: The temperature is highest . to cable 26. If axial flow is desired the layer is insulted 
directly at the surface of the active electrode (distan- from the cable 26 and electrically joined to its neigh- 
ce=0). In operation, power is typically increased in bcrs, 

order to increase the ablation volume until impedance The flow of heat from the'electrode 20 is aided by the 
change in noticed due to onset of charring. Since the 3 large cross section of cable 26. The heat flow path in the 
tissue temperature is highest at the active electrode cable .heat sink implementaiion, shown in FIG 3 is 
surface the charring is most likely to take place there. completed by modification of the catheter tube 24 to 
Charring frequently necessitates the removal of the increase thermal conductivity from cable 26 to the out- 
catheter for cleaning. - side tissue. The heat conductivity of a plastic elastomer 
The objective of thethermal design of a heating cath- 10 material for tube 24 is reduced by embedding heat con- 
cter is to heat a controlled volume of tissue to a temper- ductive particles in the material. The region between 
ature which causes ablation, while at the same time the cable 26 and the tube 24 is filled with heat conduc- 
assunng that the peak temperature is away from the tive paste 27. The technology of improved heat conduc- 

. electrode surface so .that charring does not foul the tivity plastics, and the technology of heat conductive 
active electrode surface; Graph (B) in FIG. 2 shows 15 pastes are well established in conjunction with heat sink 
such a temperature profile. Graph (B) is described later techniques for solid state devices. In the cable heat sink 
in conjunction with a heat sink catheter design shown in implementation above, heat dissipated in the tissue, 
FIG. 3 and FIG. 4. heats active electrode 20. Active electrode 20 in turn is 

FIG. 3 shows a catheter with improved electrical and cooled by heat outflow along cable 26, through the 
thermal design. Axial blind hole 21, in active elecjrode 20 conductive paste 27 and a wall of catheter tube 24 to the 
20, houses a metallic cable 26. Comparing FIG. 3 with , blood and tissue surrounding tube 24. 
the state-of-the-art catheter in FIG. 1, cable 26 provides FIG. 4 shows an alternative heat sink design. The 
an electrical connection to the active electrode 20, as mounting of cable 26 and tube 24 to active electrode 28 
did wire 12 in FIG. 1. Unlike the wire 12, the cross and- the function of conductive skirt 23 is substantially 
section of cable 26 is much greater, and is typically at 25 the same as described in conjunction with FIG 3 Ac- 
least 20% of the cross-section of active electrode 20. five electrode 28 in FIG. 4, preferably made from silver 
Flexibility of cable 26 is maintained by stranded jot which is the best heat conductor, has a different shape 

. laminated construction from multiple metallic conduc- from active electrode 20 in FIG. 3: Active electrode 28 
tors, Cable 26 provides a much greater-heat conduction is longer and is shaped to seat a cylindrical film heat sink 
away from active electrode 20 and into catheter tube 24, 30 29. The heat sink film 29 is electrically insulating and 
thereby reducing a temperature rise of active electrode thermally conductive. 

20 during operation. Cable 26 also provides a range of The distal end of active electrode 2* provides a bare 
possibilities for movable support of active electrode 20. • metal interface to tissue, generating a heating pattern 
Catheter tube 24 is firmly seated on a undercut protrud- just as active electrode 20 in FIG. 3. When compared 
ing proximal end'25 of active electrode 20. 35 with FIG. 3, the interface between cylindrical film heat 

Active electrode- 20 is ta pered at its base 22 with a . sink 29 and the e xternal blood flow provides an added 

tapered angle o f 10 degree s. Conductive eooxv fills this cooling element, lhe amount or heating and coolin g is ~ 
tapered region and forms a conductive skirt 23. The independently controlled by the ratio of the electrically 
contours of equal heating power density, are shown in ' interacting bare electrode area to the heat sink area. 
FIG. 3 for conductive epoxy with resistivity of 150 40 The overall effectiveness of the heat sink is deter- 
n-cm. The power density percentages, are scaled the mined by the thermal conductivity of film 29 and by the 
same way as in FIG. 1. It can he seen that the uniformity heat transfer coefficient.- The heat transfer coefficient 
of heating density at the junction of active electrode 20 associated with the thermal boundary layer in forced 
and tube 24 is much unproved when compared with the . convection of heat between the catheter surface and the 
state-of-the-art.catheter in FIG. 1 due to a graduated 45 adjacent blood flow, is determined by thermal and hy- 
impedance, presented to the surface current flow, pro- drodynamic properties of blood. As long-as the thermal 
vided by the wedge-shaped cross section of conductive conductivity of film 29 is significantly smaller than the 
skirt 23. heat transfer coefficient of the heat convection of the 

Such a gradual transition between metallic and insu- blood flow, the heat sink is close to optimum design 
lattng surface properties for heating equalization can be 50 Implementation of heat sink film 29 by a 0.025 mm 
accomplished by alternate means to those described plastic tube meets this requirement 
above. In one example, conductive skirt 23 is made of The design in FIG. 4 provides very effective forced 
umfonn thickness but of graduated electrical properties. convective cooling by the flow of blood, while at the 
In another example the transition is implemented by same time, allows full control over the size of the area 
graduated -surface capacitance, -rather than graduated 55 which generates the electrical current flow. It .will be 
surface resistance above. A skirt in the form of a tapered noted that the active electrode in FIG. 4 can also corn- 
deposit of metal oxide on electrode 20 can accomplish . prise the'impedance skirt 23 which prevents- the forraa- 
such graduated capacitive implementation, e.g.,' tionof a hot spot at the juncture where active electrode 
through the formation of a tantalum oxide film, dis- 28 and electrically insulating film heat sink 29 meet. The 
cussed in some detail later, 60 capacitive impedance skirt implementation can be im- 

The mapedance graduation need not be accomplished plemented using the same material as heat sink film 29 
by a surface layer but can if fact extend into the body of Cable 26, attached to active electrode 28 provides addi- 
the electrode: In yet another implementation, the active tional. cooling of active electrode 27 by allowing the 
electrode is built from axially layered regions of differ- heat flow into the catheter tube, ^previously discussed 
ent electrical properties. The direction of current flow 65 in conjunction with FIG. 3 

can. be selectively controlled in individual layers. If An attractive heat sink/impedance skirt implementa- 
radial now is desired the layer is separated from its ' tion involves a tantalum tube 30 (shown dashed in FIG 
neighbors by an insulator and is connected in the center 4) which is pressed onto active electrode 28 and so 
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maintains a good thermal and electrical contact with electrode cap is reduced, th* rut 
active electrode 28. This tantalum tube covered by a equalized and theS nen«^ W * ntenS L ty iS 
0.5 M m thick film of tantalum oxide on its external sir. S Ratine made fr™T^ n , !i ^ pro ^* A 
face and is graduated to 0 thickness in th* a™ *™it 5 ^"^S. made from a dielectric, exhibits a 
It is ^ffiKS? S^£5£ fti 5 •^SSftS!' *ter-electrode 
capacitors that a tantalum film only oTs um thick is rerfstive SSSfTWh 5 °? ^T^' 10 the 

m. 20 catheter tube* * 

Graph (B) in FIG. 2 shows the teniDerahire <H«Mim 3 ? adu ? te ? dectncal impedance coating on the ac- 

electrode 76 can b Tfill eTwith L ILf W%3? 8«*«*ed electrical impedance coating comprises 

ness or coatings is exaggerated toEIO Tfor tneS of a substantially uniform thick- 
clarity.) SS«a«o mno. s for the sake of ness and.a spatially varying electrical impedance. 

Control coatings 78 and 79 varv in thicks « » « £ An J decl ? c ! 1 he f^ catheter in claim 1 wherein 
function of the axial dismnce fSbe ^ graduated electrical impedance coating comprises 

gap, being thickest along fte edL of ttf fate^w Uy Mch ,ayer of a ^stantially • 

trode gap 8 and thinning JftSSfSSf iS S from ^olay^ "* *" ^ 
^n^v^raS^^WTS 8 » STcSSfa, electrical heating, comprising an " 
^S.^^^rX^^Z l aXt B 60 »£ve dectrodefonn^ of metallic maferial Jd a cfth" 
electrode gap. Thf coattog^ to Sffi A?2ftS 2^^? v°? living a proximal end and a distal 
impedance, equalize the exlemfl SSSfiSSta Sf* ad J p ? d t0 b ? connected « its P ro »- 
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electric field in the lossy medium outside of said . 12. A catheter for electrical heating in accordance 
electrode and coating being heat conducting and with claim 10, wherein said graduated impedance heat 
; electrically insulating,, said coating controlling, an sink coating comprises a dielectric coating of a varying 
electrical heating of tissue and cooling of said ac- thickness deposited on said metallic material, 
tive electrode by convective blood flow. 5 13. A catheter for electrical heating in accordance 

11. A catheter for electrical heating in accordance with claim 10, further comprising a graduated electrical 
. with claim 1$ wherein said graduated impedance coat- impedance coating located in a gap and electrically 
ing comprises a resistive coating of a varying thickness interacting with said active electrode, 
deposited on the metallic material of said electrode. 
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Re: Radiator Electrode - Concept Analysis 



Background: 



The catheter R&D department has done preliminary evaluations of a radiator electrode throughout the 
yean The radiator electrode concept employs a grooved surfece. This grooved surfece increases the electrode 
surface area. This increase in surfece area may allow greater convective cooling that could in turn allow the 
radiator type electrode to maintain lower temperatures at higher power settings. It is thought that this cooline effect 
could potentially lead to the generation of larger and deeper lesions. ; 



1 ^T? d ^ desi Sa to include a larger number of grooves that were deeper. This electrode design is shown 
? e att^hed Drawmg: RAD-MQD10. This geometry increased the surfece area by 41% relative to a standard 
8mm electrode. The previous design evaluated increased the surface area by 5%. 

Objective: 

^ The objective of this study was to evaluate the effects of the increased surfece area of the radiator 
electrode on electrode temperature and lesion depth. In addition, the effect of electrode mass on lesion 
development and electrode temperature was also evaluated The electrode concept was evaluated at varying power 
settings and varying convective flow conditions. Control runs were made of five other electrode configurations: 

1) 8mm electrode with the same mass as the radiator electrode (Matched Mass) 

2) 8mm electrode -solid 

3) 8 mm electrode - shell 

4) 4 mm electrode -solid 

5) 4 mm electrode - shell 

The^ coiifigurations are shown in Table (1). The results of radiator electrode analysis were compared to the 
analysis results obtained with these configurations. 



i 



Drawing: RAP-MOD 10 
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Table 1. Electrode Configurations 



Electrode Type 




8mm Radiator Electrode 
(41% More Surface 
Than Standard 8mm Electrode) 




8mm Electrode 
(Samg A/gyj or Radiator Electrode) 




-8mm-Bectrode — Solid- 



8mm Electrode - Shell 
(Wall Thickness r .0061 V 




4mm Electrode - Solid 



Surface Area ( in 2 ) 



Volume ( in 3 ) 



.1285 (Solid) 
.1285 (Shell) 



.00143 (Solid) 

.00051 (Shell) 
(.0039" Thick) 



;o9io 



.00143 



.0910 



.00199 



.0910 



.00053 



.0455 



.00095 




4mm -Shell 

ffffrfl Thickness - .0067 "J 



.0455 



.00026 



Model Description ■ 

Annm* ^?^° n m ^f\ consisted of electrode, plastic tip, tissue block, and blood field Figure ( I ) depicts this 
simplified model The material properties used in the model are listed in Table (2) Due to the ,vJZ? !L 
asymmetric model was used The foUowmgb^ 

DiricMet boundary conditions set at the surfaces: 

Outer surface - 0 ifolts 

Outer surface - 37° C 

Electrode surface - 5 volts to 75 volts 

Convecnyvboundarycondmonsetafa tip-blood interface, and tissue-blood interf a 

H= 002 to. 125 
The initial temperature of the model was set to 37° C 



an 
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Figure 1. Model 
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Model Description (continued) 

The Mowing bio-heat equations were solved through the analysis. Equation (2) is the La«l aC p *nn*+i™ 
E^T^S each electrode-geomedy, the potential field at a constant power setting is depicted inFhL (2) 



are considered. 

pcdT= kV 2 T+JE-h bi (T~T bl ) (1) 
dt 



crV 2 V=0 

J=crE=-aVV 

p (density -kg/m 3 ) 

c (specific heat- J/kgAK) 

k (thermal conductivity-W/mAK) 

J (current density- AJm 2 ) 

E (electric field density-V/m) 

h bl (connective heat transfer coefficient) 

T( °C ) 

^bi (temperature ofblood-37°C) 

V(potential distribution) 

a (electrical conductivity~S/m) 



(2) 
(3) 



Protocol and Rationale for Analysis Runs 

. Voltage values ranging between 25V and VsV have beenobserved in clinical settings Therefore this 
range was explored Values below 25 volts were explored to understand the minim um power leqaiirements for 
lesion generation for the varying electrode geometries. For each electrode-geometry, twenty-four analysis runs 
were performed at the settings depicted in Table (3). Each run simulated an ablation of duration of 1 20 seconds 



Table 3. Voltage and Flow Setting for Analysis Runs 




The following field results were obtained for each electrode-geometry at the above run conditions: 

Potential Field 
Temperature Field 

• ■ Current Density Field 



Through analysis ofthe temperature fields at die end of a 60-second period, the following values were tabulated: 

• Maximum Tissue Temperature 

\ * Maximum Electrode Temperature 

Minimum Electrode Temperature 

• Lesion Depth 

An evaluation ofthe time history of the joule heat dissipation (JE) allowed the calculation of power, current, and 
impedance values. The equations used for these calculations is shown below: 



Model Analysts Calculations 



Power = 



JE 



Impedance = 



Time Interval 



Power 



8 



Analysis Description 

A transient analysis was run using a full Newton method. The time increments for each analysis were 
detennined automatically. The step size for sixty-second ablation simulations ranged from .0012 to 2 seconds. 
The average mesh size for the runs was about 3 ma Figure 3 shows an example mesh. 



Operation Parameters 



and cooling ««^«SSS^^ 

operating parameters at H values of .002 and . 1 25 repsectively. g ■ ( } Table (4b) * ow *" 



^g^^ Parametere for Va "^ BggB* ConWations (H-. QQ4> 



Power (W) 
Voltage (V) 




Min Electrode Temperature ( 'C ) 
Lesion Depth " 



in 
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Results and IDiscussion (continued) 



Electrode Coolinz Effect 

Figures (5), (6), and (7), are graphs of the minimum electrode temperature vs. power curves for 
each electrode-geometry. The connective heat transfer coefficients are H= 004, H= 125, and H=002 for 
Figures (5), (6) and (7) respectively. The radiator shell electrode design has a lower minimum electrode 
temperature over the power range for all convection-coefficient values. This is due to the combined effects 
of increased surface area and lower electrode mass. The minimum electrode temperature occurs in the 
portion of the electrode adjacent to the tissue. Therefore, the graphs show that with the radiator shell ' 
design, maximum cooling is achieved over this area for a given power input The solid radiator design is 
second most effective in achieving cooling over this area for a given power input The cooling of the 8mm 
electrode geometries is less effective over this area due to the decreased surface area. The 8mm-electrode 
shell design was more effective man the larger mass 8mm electrode designs in the area adjacent to the 
tissue. The 4mm electrode designs were ineffective in achieving cooling for a given power input The 
same pattern of behavior was observed for each convective heat transfer coefficient setting. 

Figures (8), (9), and (10), are graphs of the maximum electrode to 
each electrode-geometry. The maximum electrode temperature for the various configurations was located 
at or near the junction where the tip and the electrode meet This hot spot is due to the abrupt change in 
material properties and interface geometry. The figure below shows the relative and approximate 
positioning of the maximum and minimum electrode temperature for a radiator electrode as an example. 
The temperature profiles for all configurations are shown in Figure (22). In Table (5), the effective cooling 
of each configuration is rated in regard to maximum electrode temperature. The Table shows mat no 
consistent pattern is observed over the range of flow settings when evaluating the maximum electrode 
temperature. However, for convection-coefficient settings of KK004 and H=.0O2, the solid radiator design 
.per formed better in regards to junction area. This suggests that the heating in mis area is effected by the 
mass of the radiator design. The cooling achieved by the increased surface area seem s to compete with the ~" 
spot heating that occurs at the tip junction. This data suggests t hat the most effective radiator design should — 
min i m ize this effect in order to achieve the greatest advantage 





Table J. Cooling Effectiveness per Evaluation of Maximum Electrode Temperature 



Effectiveness Rank 


H-002 


H.004 


H-125 


J (Most effective) 


8mm Radiator Solid 


8mm Radiator Solid 


8mm Solid 
8mm Matched 


2 


8mm Solid 


8mm Solid 




3 


8mm Matched 


8mm Radiator Shell 


8mm Shell 


4 


8mm Radiator Shell 


8mm Shell 


8mm Radiator Solid 


5 


8mm Shell 


8mm Matched 


4mm Solid 


6 


4mm Solid 


4mm Solid 


8mm Radiator Shell 


7 (Least effective) 


4mm Shell 


4mm Shell 


4mm Shell 
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Results and Discussion faratkoied) 
Lesion Development 

Figures (11), (12), and (13), are graphs of lesion depths vs. minimum electrode temperature for each 
electrode-geometry.. The convective heat transfer coefficients are H=.0O4, H=. 1 25, and 11=002 for the Figures 
(11), (12) and (13) respectively. These graphs show mat the radiator designs -will produce a deeper lesion for a 
given minimum electrode temperature: Therefore, in the region adjacent to the tissue, the Tadiator design electrode 
will remain cooler than the 8mm and 4mm electrode configurations when creating the same depth lesion. Table 
(6) shows the radiator shell offers the best improvement to lesion depth for a given electrode temperature within 
this region. At a convection-coefficient of H= 002, the radiator shell design offers improvements of 12.6%, 
20.87%, and 33.9% to the solid radiator design, 8mm solid design, and 4mm solid design respectively. At higher 
flows (EKQ04), the improvements increase to 4 1 .9%, and 66.7% for the 8mm solid design, and 4mm solid design 
respectively. The improvements over the solid radiator do not change a lot with increasing flows since both 
radiator configurations have the same amount of surface area. Table (6) and Figure ( 1 2) also show that at high 
flows (EK125), for a given electrode temperature within this region, the radiator configurations are able to create 
lesions when the other configurations have not begun to generate a lesion at all 

Figures (14), (15), and (1 6), are graphs of lesion depths vs. maximum electrode temperature for each 
. electrode-geometry. The convection heat transfer coefficients are H= 004, H= 125, and H=.002 for the Figures 
(14), (15) and (16) respectively. These graphs show that the radiator solid designs will produce a deeper lesion for 
a given maximum electrode temperature for H=.002 and H= 004. Therefore, in the region where the electrode and . 
the catheter tip meet (junction region), the solid radiator design electrode will remain cooler than the radiator shell, 
8mm and 4mm electrode configurations when creating the same depth lesion. At higher flow rates (HK125) the 
solid radiator design does not.offer much benefit Table (7) shows that at a convection-coefficient of H== 002, the 
solid radiator design offers improvements of 1 3.7%, 7.7%, and 9.7% over the shell radiator design, 8mm solid 
design, and 4mm solid design respectively. At higher flows (HK004), the improvements are 11.1%, 6.5%, 1Q.4% 
for the shell radiator design, 8mm solid design, and 4mm solid design respectively. These improvements to lesion 

depths are much lower than the improvements observed when evaluating lesion depths relative to minimnrn 

el ectrode temperature. In addition, these improvements are not improved by in c reasing flow, except in the case of 
the radiator shell at H= 125. For the radiator design, we would expect convective flow rates to influence the 
improvement in lesion depth for a given maximum temperature, this does not seem to be the case. Again this, 
seems to be reflective of the competing contributions of convective cooling and junctional heating in this region. 

Figures (17), (18), (19), are graphs of lesion depth vs. maximum tissue temperature. These graphs in 
combmation with Table (4), Table (4a) and Table (4b) were used to establish the appropriate ranges for the above 
graphs, hi addition, these graphs and tables were used to establish the temperature maximum and rninnrniTTi 
electrode values used in the development of Tables (6) and (7). 
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Results and Discussion (continued) - 

Electrode Temperature Histories 

Figure (20) is a graph of the minimum electrode temperature during a 120-second 
ablation period for all the electrode-configurations. The maximum tissue, temperature during the 
ablation for each configuration is 65°C The graph shows that the shell radiator electrode 
maintains the lowest minimum electrode temperature over the ablation period. Therefore, the 
electrode region adjacent to the electrode-tissue interface remains the coolest over the ablation 
period for the shell radiator electrode: Within this region, the solid radiator design remains the 
second coolest The 8mm electrode designs have higher minimum electrode temperatures than 
the radiator designs. The 4mm electrodes have the highest minimum electrode temperatures of 
all the configurations during the first eighty seconds of the cycle. At about eighty seconds the 
minimum temperatures of the 8mm solid design and 4 mm shell design have similar values. 
After the first ten seconds of the ablation period, the minimum electrode temperature for all 
configurations remained somewhat stable. 

Figure (21) is a graph of the maximum electrode temperature during a 120-second 
ablation period for all the electrode-configurations. As in Figure (21), the maximum tissue 
temperature during the ablation for each configuration is 65°C. The graph shows that the solid 
radiator electrode maintains the lowest maximum electrode temperature during the first sixty 
seconds of the ablation cycle. Therefore, the junction region remains the coolest during the first 
- sixty seconds for the solid radiator electrode. However, the 4mm electrode is slightly cooler 
during the second half of the ablation cycle. The rate of maximum electrode temperature 
increase is slightly higher for the 8mm electrode configurations than for the increase for the 
4mm electrode configurations. These d iffering rates of temperature increase account for the 
changes seen over the ablation cycle. The sohd versions of each •configOfction (radiaturr8nmi; 
4mm) have a consistently lower meprimum electrode temperatoe oyer the ablation cycle. This 
again implies that in the junction region the presence of more mass helps counter the heating due 
to material mismatches and interface geometry. 
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Results and Discussion (continued) 
Field Results 

Figures (22), (23) and (24) depictthe temperature fields, potential fields, and the 
potential gradient fields respectively for each electrode configuration. All fields are shown at a 
maximum tissue temperature of 65°C. As previously mentioned, the temperature fields show 
the minimum electrode temperature regions adjacent to the tissue-electrode interface. The 
regions with the maximum electrode temperatures are located at the junction of the electrode 
and the catheter tip material. The potential fields for the 8mm electrode configurations' are of 
Similar size. This indicates that the area of current flow and the heating volume will be similar 
for the 8mm configurations (radiator as well as standard). This accounts for the similar 
impedance values found in Table (4). This also accounts for the fact lhat at equal power settings 
the 8mm configurations create lesions of equivalent depths as shown in Figure (25) The 4mm 
potential fields are much smaller than the 8mm potential fields. Therefore the area of current 
flow and the heating volume are much smaller when compared to the 8mm electrode 
configurations. This accounts for the higher impedance values shown in Table (4). At equal 
power settings the 4mm electrode will create deeper lesions when compared to the 8mm 
electrode configurations. However, as shown in Table (4), for a 4mm electrode, the operating 
range is 5Wto 14W (H=004) whereas for the 8mm configurations, the operating range islOW 
to 28W (H-.004). The operating range is defined as the voltage range and power range required 
to create maximum tissue temperatures ranging between 55°C and 95°C during an ablation cycle 
(60 seconds). The maximum lesion depth ranges between 4.61 to 4.63 for 4mm configurations 
at H-.004 in the previously mentioned power range. The maximum lesion depth ranges between 
5.01 to 5.24 for 8mm configurations at H=004 in the previously mentioned power range. 
Therefore even thoug h t he 4mm configurations create deep er lesions for a given power setting 

. the 8mm con fig urations create deep er le^ ns tor comparaWoperafj ng rattgerd ^finettwith-- 

respect to maximum tissue temperature. As indicated in equation (3) the current density is 

proportional to the gradient of potential field. Thus, Figure (24), shows areas of high current 
density occurring at the electrode tissue interfece junction and at the electrode-tip junction. 

Conclusion 

The minimum electrode temperature evaluations are more reflective of the cooling 
effects of the radiator design. The minimum electrode temperature evaluations show that the 
radiator design can provide a deeper lesion for a given minimum electrode temperature. This 
improvement in lesion depth for a given minimum temperature is enhanced at higher flow rates 
Clinically, this would be very beneficial, given that currently it is more difficult to make deep 
lesions m high flow areas. However, spotheating at the electrode-tip junction compromises the 
desig^ eneSS of fce design. I would recommend that this matter be resolved in any proposed 

Further Analysis Work 

This analysis work assumes a convective heat boundary condition. With the current 
took we are notable to evaluate the details of the fluid field and its effects. The ability to 
perform such analysis will help us to better define potential coagulation hazards. 




lililii Killml 



"Hiiil MMII'il 



i I 3 3 S 3 S S BIS 3.9 3 3 5 



lilllli bfialti 



3813193 IIIIUII 



211111s 



mnn 



iiilL.. 

hi?' 



if! 



4 



1SS33253 



933l§§! 



§53131! 



5SIIISS ISsSSiSS 



i3SSi§333 



13 3 3 3 1 1 B 3 3-3 3 3 3 3 



iililli MNiiii 



P C £ £ 9 3 b 5 S : g ; 3 ] 



3333333 



33333833 



niiiiii 



333333 P3383333 §3333333 



383333 2333332s 



5 a 

ii 



I 



u_i 



35II332I 



U__L 



4 
I 



iiiillii 



14 



iiiiiii 



If I if if 



r¥ TUUI 



11335333 



FfTfTIT 



iiiiiii 



mm 



iiiiiii 



TUTU 



rssTUn 



iiinii! 

"iiiiiii 



ilii 



SIS99S5S 



Iiiiiii 



:^ {| 3 s ? t 



8 3 3 8 8 8 5 



iiiiiii 



alia 

! 



11253125 



SS59SSSS 



nun 



-iiiiiii 



ITTflTIT 



§ I § § § 1 1 



IIIIIII 



illiilii 



illllils iiiiiii 



Iiiiiii 



nnm 



iiiiiiii 



rnmr 



llillu 

iiiiiii 



iS iIiiiI 



fUTflll 



3113313 



iiiiiii 



3 315 3 5 5 



iiiiiii 



Iiiiiii 



OTUiiT 



mum 



55315IH 



25393SS2 

"imsr 
iiiiiii 



ITITiill 



TTiTlTf 



§3iS?S5 



Iiiiiii 



iiiiiii 



§ H 6 5 s 1 5 



iiiiiii 



3 a s s • 



iiiiiii 



2a IIIIiI 



nrifiii 



iiiiiii 



3311155 



iiiiiii 



5535313 

6 S 6 B & ES & 



siiiii.il 



sTUUT 



6D458BS& .Q3S8D: 




II 



If 



33233333 



iiiiiiii i 



Hliii 



"•■Hill 5S iIIif! 



113 5 313 5 



91 9959 5 S 



23315111 



S9 ssissg 



rrnriTi :§§i§im ihtuti 



rrrmfi 



Iiiiiiii 



mum 



SB 1 2 1 S || 



93383313 



J II til J~ 



i953S!S9 



rsiimr 



mum 



iiiiiiii 33113233 



iiilllitl 



Iiiiiiii 



93833383 33338333 



§ s s a g « 5 ; 
S 8 S S 3 3 



nrrsTTi 



5385 338 3- 



iiiiiiii 



53333S3I 53383388 



nTmn nrnm nrnrsi nrsTin 



5 ? J 5 r ; S S 

naaaa«ita 



"9 8 8 3 8 8 



I L 



If 1 1 

4 



5 5 2 2 



1111111 



33333233 

ii 1 1 1 1 1 1 



§9935292 



99888338 



33833333 



UJ- 84-3413-3-; 



iiiiiiii 



Miiiiii laniiii iiiiiiii 



iiiiiiii iiiiiiii 



99988383.99988388 



"mm 



§§9§§9S§ 



iiiiiiii 



33333331 



iiiiiiii iiiiiiii 



iiiiiiii nrnm mum 



i 

JL 



If ?????< 



§3211111 



SliSijSg 



nrnm 



plillill 



iiiiiiii 



§9918831 



■4&H**513'fi5«i ..D32BD3 





feo^ssasfe .0328132 



01 



E 















- to Electrode - low F/ow 

• 4mm Electrode Shell - Low Flow 

• 8mm Radiator. Electrode - Low Flow 
8mm Radiator Electrode Shell - Low Flow 
8mm Electrode - Low Flow 

8mm Electrode Shell Low Flow 
8mm Mass Matched -Low Flow 
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